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ABSTRACT 


Flow  visualization  results  are  presented  which  were 
obtained  in  a  curved  channel  with  mild  curvature  and  40  to  1 
aspect  ratio.  Inside  channel  dimensions  are  1.27  cm  x  50.80 
cm.  For  Dean  numbers  from  60  to  200  and  angular  positions 
from  85°  to  175"  measured  from  the  start  of  curvature,  video 
movies  and  photographic  sequences  of  patterns  in 
spanwise/radial  planes  show  unsteady  Dean  vortex  pair 
behavior.  In  particular,  information  is  provided  on 
mechanisms  by  which  vortex  pairs  appear  and  disappear. 

Videos  and  still  photographs  of  visualized  flow  in  a 
straight  channel  with  40  to  1  aspect  ratio  and  imposed  bulk 
flow  unsteadiness  show  different  stages  of  transition, 
including:  (1)  three-dimensional  Tollmien-Schlichting  waves, 
<2)  Lambda  waves,  (3)  Lambda  vortices,  <4>  vortex  type 
motion,  <5)  turbulent  spots  and  (6)  fully  turbulent  flow. 
Instantaneous  velocity  traces  from  hot-wire  probes  are 
presented  for  Reynolds  numbers  from  1400  to  8400  and  Strouhal 
numbers  from  0.  004  to  0.  047.  These  dat-.,  without 
unsteadiness,  show  that  transition  occurs  at  a  Reynolds 
number  of  approximately  3000.  With  imposed  sinusoidal 
unsteadiness  at  a  Strouhal  number  of  0.026  and  7'/.  peak  to 
peak  amplitude  (relative  to  the  mean  velocity),  transition 
occurs  at  a  Reynolds  number  of  approximately  2300. 
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I. 


INTRODUCTION 


A.  BACKGROUND 

Flow  visualization  studies  are  conducted  in  two  different 
facilities:  <1)  a  curved  rectangular  channel  with  40  to  1 
aspect  ratio  and  <23  a  straight  rectangular  channel  with  40 
to  1  aspect  ratio  and  imposed  bulk  flow  unsteadiness. 

1.  Curved  Channel  Flow 

The  40  to  1  aspect  ratio  curved  channel  is  used  to 
study  and  visualize  Dean  vortex  flow ,  Other  flow 
visualization  studies  in  the  same  facility  are  described  by 
Bella  [Ref.  13,  Niver  [Ref.  23  and  Baun  [Ref.  33.  The  flow 
visualization  experiments  undertaken  here  are  intended  to 
provide  additional  information  on  the  time  variation  of  the 
flow.  Photograph  sequences  are  obtained  to  show  the  detailed 
timewise  development  of  vortex  pairs. 

To  obtain  these  sequences,  a  video  camera  is  used  to 
photograph  the  flow  in  the  curved  channel  and  still 
photographs  of  the  individual  video  frames  are  then  taken. 
Using  this  technique,  sequences  of  photographs  are  obtained 
spaced  1/30  second  apart.  The  flow  is  contaminated,  such 
that  it  may  be  visualized,  by  burning  hickory  and  mesquite 
wood  chips  in  the  same  smoke  generator  used  by  Niver  [Ref. 
23.  The  flow  visualization  experiments  conducted  are  for  a 
range  of  Dean  numbers  ( De )  from  60  to  200  and  for  a  range  of 


1 


angular  positions  from  85°  to  175°  measured  from  the  start  of 
curvature . 

2.  Straight  Channel  Flow  with  Imposed  Unsteadiness 

No  experiments  have  been  undertaken  so  far  to  study 
effects  of  periodic  unsteadiness  on  laminar /turbulent 
transition  in  a  40  to  1  aspect  ratio  straight  channel 
(Ligrani  and  Subramanian  [Ref.  43).  Numerical  simulation 

results  are  given  by  Singer,  Ferziger  and  Reed  tRef.  53. 
These  results  indicate  that  imposed  sinusoidal  flow 
oscillations  provide  a  stabilizing  effect  at  all  but  very  low 
frequencies  in  plane  channel  flow  at  a  mean  Reynolds  number 
(Re)  of  5000.  At  moderately  low  frequencies,  oscillations  in 
the  channel  can  initiate  nonlinear  effects  which  trigger 
transition  in  flow  regimes  where  the  steady  flow  remains 
laminar. 

Prior  to  the  flow  visualization,  the  etraight  channel 
was  assembled  and  made  operational.  The  device  used  to 

impose  periodic  unsteadiness  was  also  qualified  from 
instantaneous  velocity  traces  measured  using  a  hot-wire 
probe.  This  probe  was  inserted  into  the  sidewall  of  the 
channel  upstream  of  the  unsteady  device.  Mass  flow  rate  is 
determined  from  the  pressure  difference  across  a  1.5  inch 
orifice  plate  inserted  in  the  piping  between  the  exit  plenum 
and  blower. 

Flow  visualization  experiments  are  undertaken 
utilizing  the  same  video  techniques  used  for  the  curved 
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channel.  Flow  is  visualized  using  the  smoke  wire  technique 
described  by  Siedband  [Ref.  61.  The  flow  visualization 
experiments  conducted  are  for  a  range  of  Reynolds  numbers 
from  1400  to  8400  and  for  a  range  of  Strouhal  numbers  ( Str ) 
from  0. 004  to  0. 047. 

B.  OBJECTIVES 

The  objectives  of  this  thesis  are: 

1.  To  provide  photographic  documentation  of  the  timewise 
development  of  flow  structure  at  1/30  second  intervals  in  a 
40  to  1  aspect  ratio  curved  channel  over  a  range  of  Dean 
numbere  and  etreamwise  positions. 

2.  To  provide  photographic  evidence  of  flow  development 
in  b  40  to  1  aspect  ratio  straight  channel  with  imposed  bulk 
flow  unsteadiness  over  a  range  of  channel  Reynolds  numbers 
and  Strouhal  numbers. 

C.  ORGANIZATION 

Subsequent  to  this  introduction,  Chapter  II  discusses 
experimental  facilities.  Chapter  III  discusses  experimental 
procedures  for  the  curved  channel  and  the  straight  channel. 
Here,  channel  operation,  the  smoke  generator,  and  flow 
visualization  techniques  are  described.  Chapter  IV  details 
the  flow  visualization  results  obtained  from  the  curved 
channel  and  straight  channel .  Chapter  V  gives  a  summary  and 


conclusions . 


II. 


EXPERIMENTAL  FACILITIES 


A.  CURVED  CHANNEL 

The  40  to  1  aspect  ratio  curved  channel  ie  located  in  the 
laboratories  of  the  Department  of  Mechanical  Engineering  of 
the  Naval  Postgraduate  School.  A  schematic  and  a  photograph 
are  shown  in  Figs.  1  and  2,  respectfully.  As  discussed  by 
Ligrani  and  Niver  [Ref.  71,  the  curved  channel  ie  designed 
and  constructed  especially  for  flow  visualization.  The 
inside  dimensions  and  cross-sect ional  area  of  the  channel  are 
the  same  along  its  entire  6. 77  m  length.  Side  wall, 
longitudinal,  and  cross-beam  supports  are  used  to  support  the 
upper  and  lower  walls  eo  that  the  inside  dimensions  and  their 
tolerances  at  any  streamwise  location  are  1.27  i  0.015  cm  for 
the  height  and  50. 80  i  0.  05  cm  for  the  width.  The  facility 
was  constructed  by  McNeal  Enterprises,  Inc.  of  Santa  Clara, 
Cali f  or  ni a . 

The  lip  at  the  channel  inlet  is  constructed  of  quarter 
circumference  sections  of  15. 2  cm  outside  diameter  pipe. 
Following  this  is  the  25. 4  cm  X  50. 8  cm  rectangular  inlet 
section  for  flow  management,  consisting  of  b  honeycomb 
followed  by  three  screens  stretched  across  the  cross  section. 
Following  the  last  screen  ie  a  20  to  1  contraction  ratio 
nozzle,  whose  contour  is  given  by  a  fifth-order  polynomial. 
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After  the  nozzle,  flow  enters  the  40  to  1  aspect  ratio 
channel.  The  first  part  is  a  2.44  m  long  straight  duct. 
After  the  straight  channel,  the  flow  enters  the  curved  test 
section.  The  concave  interior  duct  surface  (as  the  flow  sees 
it)  has  a  radius  of  curvature  of  60.96  cm  and  the  convex 
surface  has  a  radius  of  curvature  of  59. 69  cm.  At  the  end  of 
the  curved  portion  of  the  channel,  the  air  enters  another 
2.44  m  long  straight  duct.  At  the  exit  are  four  screens  and 
a  honeycomb  used  to  isolate  the  channel  flow  from  any  spatial 
nonuniformities  in  the  outlet  plenum.  A  45. 7  cm  long 
diffuser,  having  a  total  angle  of  7°,  is  also  used  to  provide 
some  pressure  recovery  just  prior  the  exit  plenum. 

The  blower /piping  system  attached  to  plenum  1  is 
connected  to  a  blower  (see  Fig.  1),  which  is  an  ICG 
Industries  10P  type.  This  blower  produces  10.7  cm  of  water 
vacuum  at  4.82  m3 /min  volumetric  flow  rate.  Plenum  2  is  used 
to  mate  the  1 4 . n  cm  diameter  blower  inlet  to  piping  without 
significant  pressure  losses,  and  additionally  helps  isolate 
the  channel  from  unsteadiness  caused  by  the  blower  impeller. 
Dean  numbers  between  20  and  220  are  obtained  using  this 
blower /piping  arrangement. 

Flow  rate  changes  are  made  by  throttling  valve  1  just 
upstream  of  plenum  2  (see  Fig,  1)  while  bypass  valve  2  is 
kept  fully  open.  Any  flow  rate  or  Dean  number  is  set  by 
referring  to  the  pressure  drop  across  an  ASMF  standard  1.5 
inch  orifice  plate. 
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Additional  details  and  description  of  the  transparent 
curved  channel  are  given  by  Ligrani  and  Niver  CRef.  73  and 
Niver  CRef.  23. 

B.  STRAIGHT  CHANNEL 
1.  Channel 

The  40  to  1  aspect  ratio  straight  channel  is  located 
in  the  laboratories  of  the  Department  of  Mechanical 
Engineering  of  the  Naval  Postgraduate  School.  A  schematic 
drawing  is  shown  in  Fig.  3,  with  photographs  shown  in  Figs. 
4-6.  As  discussed  by  Ligrani  and  Subramanian  CRef.  43,  the 
channel  is  made  of  0. 635  cm  thick  plexiglass  with  a  straight 
section  4.27  rr  (14  ft'  in  length,  with  inside  dimensions  of 
1.27  cm  in  height  and  50.80  cm  in  width.  It  is  supported  by 
ribe  and  cross  beams  along  its  length.  Three  longitudinal 
(in  the  direction  of  the  airflow)  ribs  made  of  1.27  cm  x  1.27 
cm  polycarbonate  are  placed  along  the  length  of  the  channel 
on  the  sides.  The  side  walls  are  removable  in  order  to  gain 
access  to  the  inside  of  the  channel.  The  facility  was 
constructed  by  Jay-Edmund  Enterprises  of  Sandpoint,  Idaho. 

The  lip  at  the  channel  inlet  is  constructed  of  half 
circumference  sections  of  15. 24  cm  outside  diameter  pipe. 
The  lip  is  attached  to  a  25.4  cm  x  50.80  cm  rectangular  inlet 
section  with  flanges,  which  is  15.24  cm  in  length  to  house  a 
honeycomb  assembly.  ThiE  is  followed  by  three  1.27  cm  x 
50.80  cm  frames  with  flanges,  10.16  cm  in  length  each. 


6 


Screens  are  stretched  across  the  cross  section  between  these 
three  frames.  Following  the  last  screen  is  a  20  to  1 
contraction  ratio  noccle,  whose  contour  is  given  by  a  fifth 
order  polynomial. 

At  the  exit  of  the  4. 27  m  long  test  section  are  10. 16 
cm  long  frames  with  flanges  for  screens,  honeycomb  and  the 
unsteady  device.  Next,  a  two-dimensional  diffuser  45. 72  cm 
long  with  3. 0°  total  angle  is  located  just  upstream  of  the 
plenum  chamber.  The  plenum  chamber  inside  dimensions  are 
60. 96  cm  x  60. 96  cm  x  60. 96  cm.  It  is  made  of  0. 9525  cm 
thick  acrylic  except  for  the  one  removable  wall  which  in  1 . 2'7 
cm  thick.  In  order  to  meter  the  flow,  a  1.5  inch  orifice 
plate  assembly  between  the  plenum  chamber  and  the  blower  is 
installed.  A  5  H.P.  blower  is  employed  to  induct  flow  into 
the  channel  by  depressur icing  the  plenum  below  atmospheric 
p ;  e  s  s  u  r  e  . 

The  channel  is  designed  such  that  transition  occurs 
af+er  the  laminar  flow  is  fully  developed.  Initia1  flc.w 
development  length  is  minimised  since  the  overall  length  of 
the  test  section  is  restricted  by  physical  space  limitations. 
For  a  channel  Reynolds  number  of  2741,  the  flow  becomes  fully 
developed  after  1.524  m  of  development  length  measured  from 
the  exit  of  the  inlet  noczle  (Reynolds  number  is  based  on 
channel  width  and  mean  velocity).  For  these  conditions, 
64.  3V.  of  the  test  section  is  then  fully  developed.  This 
fully  developed  region  is  then  used  to  study  the  variation  of 


the  transition  zone  either  as  Reynolds  number  or  flow 
disturbance  level  is  varied. 

2.  Unsteady  Device 

The  most  important  design  aspect  of  any  unsteady 
device  is  the  production  of  controlled  deterministic  and 
periodic  unsteadiness  without  additional  flow  disturbances. 
To  achieve  this  in  an  open  circuit  induction  channel,  the 
unsteady  device  is  best  located  Just  downstream  of  the  test 
section.  This  way,  wakes  and  other  flow  disturbances  from 
the  unsteady  device  are  not  convected  into  the  test  section. 

The  present  design  is  shown  in  Fig.  7,  and  is  based 
on  a  design  deecribed  by  Miller  and  Fejer  [Ref.  £3,  A 
photograph  of  the  present  device  is  shown  in  Fig.  8.  Since 
the  depth  of  the  channel  is  only  1.27  cm,  a  single  rotating 
vane  is  used  to  introduce  the  required  unsteadiness  into  the 
flow.  The  vane  is  driven  through  a  spur  gear  train  by  a  DC 
etepper  motor.  The  frequency  of  the  imposed  oscillations  is 
controlled  by  varying  the  vane  rotation  rate;  the  amplitude 
of  the  imposed  unsteadiness  is  altered  by  using  different 
vane  widths.  The  vane  in  Fig.  7  is  made  of  a  . 3175  cm  thick 
brass  strip  with  rounded  edges,  and  spans  the  entire  width  of 
the  channel.  The  vane  is  supported  at  the  ends  by  a  .3175  cm 
diameter  shaft  and  bushings  that  are  fitted  to  the  side  walls 
of  the  frame.  One  end  of  the  shaft  is  extended  to 
accommodate  a  48  TPI  (Threads  Per  Inch)  spur  gear.  This  gear 
if.  driven  by  a  driver  spur  gear  with  12  TPI,  which  is  mounted 
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or  the  Superior  Electric,  M092-FD310  Stepper  Motor  shaft.  A 
photograph  of  the  unsteady  device  alongside  the  motor  is 
shown  in  Fig.  9.  The  unsteady  device  fully  assembled  and 
installed  in  the  channel  is  shown  in  Fig.  10.  Fig.  11  shows 
a  photograph  of  the  controller  and  drive  system. 
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III.  EXPERIMENTAL  PROCEDURES 

A.  CURVED  CHANNEL 

The  procedures  used  to  set-up  the  curved  channel  and 
obtain  flow  visualisation  videos  and  photographs  are  nov 
described. 

1.  Channel  Operation 

The  first  step  is  to  choose  a  Dean  number  at  which 
the  flow  visualisation  results  are  to  be  obtained.  Once  the 
Dean  number  is  chosen,  the  pressure  drop  across  the  1.5  inch 
orifice  plate,  used  to  meter  the  flow,  is  estimated  using  a 
plct  of  pressure  drop  vs.  Dean  number  from  Niver  [Ref.  2:  p. 
221.  Valve  1  <Fig.  1)  is  then  adjusted  until  this  estimated 
pressure  drop  is  read  on  the  Merian  SC-1212  manometer.  The 
actual  reading  from  the  manometer  is  then  entered  into  the 
computer  program  "DEAN15"  contained  in  a  Hewlett  Packard  HP 
9000  Series  computer.  The  true  value  of  the  Dea r.  number  is 
subsequently  calculated  by  the  program,  taking  into  account 
ASME  flow  coefficients  as  well  as  the  ambient  temperature  to 
calculate  air  density.  If  the  Dean  number  is  not  close 

enough  to  the  one  desired,  the  procedure  is  repeated.  With 
the  appropriate  flow  rate  in  the  curved  channel, 
visualisation  experiments  are  begun. 
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Smoke  Generator 


The  smoke  generator  used  ie  described  by  Morrison 
[Ref.  9 1 ,  Niver  [Ref,  21  and  Ligrani  and  Niver  CRef.  73.  A 
schematic  is  shown  in  Fig.  12.  Smoke  is  produced  by  burning 
Hickory  and  Mesquite  wood  chips  in  a  7.6  cm  diameter,  40.6  cm 
long  vertical  steel  pipe.  Combustion  is  initiated  by 
energizing  a  nichrome  wire  heating  coil  at  the  bottom  of  the 
column  of  wood  chips.  The  mixture  of  Hickory  and  Mesquite 
produces  dense,  white  smoke,  easily  visible  against  the  dark 
background  paper  used  to  line  the  outside  of  the  channel 
convex  surface.  The  smoke  exits  the  steel  pipe  and  passes 
into  a  large  glass  jar  which  is  followed  by  a  cooling  system 
consisting  of  two  coiled  tubes  surrounded  by  flowing  water. 
The  jar  collects  combustion  particles  and  water  vapor  after 
they  are  separated  iron  the  smoke  in  the  cooling  system 
located  above.  The  smoke  then  passed  into  a  rubber  hose  and 
then  to  a  smoke  rake  located  at  the  inlet  to  the  curved 
channel.  This  rake  provides  steady,  laminar  jets  of  smoke  as 
i 4  is  directed  into  the  channel  inlet.  A  low  pressure  air 
stream  is  provided  into  the  steel  pipe  for  combustion  and  to 
force  the  smoke  through  the  system. 

With  the  generator,  smoke  is  produced  for  as  long  as 
ter.  minutes.  The  best  results  are  obtained  when  just  enough 
emoke  is  produced  to  fill  the  lower  half  of  the  nozzle  at  the 
channel  inlet.  The  smoke  is  dense,  cool,  and  in  sufficient 


quantity  to  permit  detailed  observations  of  the  flow 
structures  under  study. 

3.  Flow  Visualization 

a.  Video  Procedures 

<1)  Camera.  The  video  camera  used  for  flow 
visualization  is  the  Sony  DXC-M3  with  Fujinon-TV*Z  1:1.7/10- 
140  mm  DCL-914BY  zoom  lens  connected  to  a  Sony  V0-6800 
portable  videocassette  recorder  and  Sony  CMA-8  camera 
adapter.  This  video  camera  is  used  because  of  its  ability  to 
image  30  frames  per  second.  Camera  position  is  shown  in  Fig. 
13.  For  beet  results,  the  gain  of  the  camera  is  set  at  9  and 
filter  number  1  is  used.  The  lens  is  set  to  the  macro 

setting  f ot  focusing.  Sony  KCS20BR  videocaesette  tape  is 
used  for  the  flow  visualization  videos.  The  video  camera  is 
mounted  on  a  Fairchild  Camera  &  Instruments  Corporation 
' Industrial  Product-  division >  Model  HS2511  tripod  for 
stability  and  to  maintain  focus.  As  shown  in  Fig.  13,  the 
video  camera  is  oriented  with  its  viewing  direction  at  an 
angle  of  about  90°  with  respect  to  the  direction  of  the  light 
source.  With  this  orientation,  the  camera  views  the  flow  as 
it  moves  away  from  the  observer.  Flow  visualization  patterns 
are  recorded  for  one  full  minute  for  each  experimental 
condition . 

<2)  Lighting.  A  General  Radio  Type  1531-A 

Strobatac  strobe  light  is  used  to  illuminate  the  flow  as 
visual  observations  and  photography  are  undertaken.  If  the 
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video  camera  and  strobe  rate  are  not  at  the  same  frequency,  a 
moving  line  will  appear  on  the  video  viewing  screen.  To  make 
this  line  disappear,  a  etrobe  rate  of  approximately  3600 
flashes  per  minute  is  used.  The  strobe  is  mounted  near  the 
center  of  curvature  of  the  channel  walls  with  a  Rodenstock 
XR-Heligon  collumator  lens  having  a  75  mm  focal  length 
located  just  in  front,  as  indicated  by  Fig.  13.  The  lens  and 
strobe  are  adjusted  so  that  light  is  in  focus  on  a  2  mm  x 
46.0  mm  slit  located  5  cm  off  the  channel  centerline  on  a 
liner  on  the  outside  of  the  convex  part  of  the  curved  channel 
surface.  Thle  dark  colored  liner  minimizes  reflections  and 
stray  light.  The  strobe  and  lens  assembly  is  mounted  so  that 
it  can  be  pivoted  and  clamped  to  illuminate  ar.y  angular 
position  on  the  curved  test  section.  With  this  system,  a 
w.-ll  coll u mated  light  sheet  is  produced  for  visualization  and 
photography  in  spanwise/r adial  planes  at  any  one  of  a  variety 
cf  angular  positions  spaced  S'5  apart  from  0°  to  185°.  This 
strobe  light  orientation  system  is  the  same  one  used  by 
L.iqrani  and  Niver  [  Ref.  71. 

b.  Still  Photography  Procedures 

< 1 )  Video  Playback.  Once  the  flow 
visualization  is  video  taped,  it  is  played  back  on  a  Sony 
V0-5800  videocassette  recorder  connected  to  a  Sony  PVM-1910 
Trinitron  color  video  monitor.  The  Sony  V0-5800 
videocassette  recorder  has  a  scanning  feature  which  allows 
viewing  in  a  number  of  modes  including  fast/slow  forward, 
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fast/slow  reverse,  or  stop  frame  viewing.  This  last  mode  is 
used  for  the  still  photography.  With  this  feature,  it  is 
possible  to  view  individual  video  visualization  photographs 
which  are  spaced  1/30  second  apart. 

<2>  Camera.  A  Nikon  F-3  SLR  camera  body  with 
attached  55  mm,  f2. 6  lens  is  used  for  the  still  photography. 
The  camera  is  mounted  on  a  tripod  for  stability  and  to 
maintain  proper  focus,  and  positioned  approximately  50. 8  cm 
from  the  TV  screen.  The  camera  is  focused  on  the  stopped 
frame  image  appearing  on  the  screen  as  shown  in  Fig.  14  which 
illustrates  the  still  photography  set-up. 

<3)  Lighting.  For  the  still  photographs  the 
video  playback  equipment  and  still  camera  are  set  up  in  a 
roc  without  any  natural  light  source.  All  artificial  light 
sources  are  turned  off  so  that  all  lighting  is  provided  from 
the  TV  screen  with  the  brightness  turned  down  all  the  way. 
To  choose  the  correct  camera  settings  for  the  still 
photogr aphy ,  a  test  roll  of  Kodak.  Tri-X  pan,  400  ASA  film  was 
then  taker.  for  camera  f-etop  settings  from  2.8  to  8  and 
camera  speeds  from  1/2  to  1/30  of  a  second.  From  these 
tests,  the  optimal  camera  f-stop  and  speed  were  found  to  be 
f5. 6  and  1/8  second,  respectively. 
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B.  STRAIGHT  CHANNEL 


The  procedures  used  to  eet-up  and  qualify  the  straight 
channel  and  obtain  flow  visualisation  videos  and  photographs 
are  listed  as  follows;  <1>  calibrate  the  system  for 
determining  mass  flow  rate  and  velocity  through  the  channel, 
(2)  measure  instantaneous  velocity  traces  using  a  single 
hot-wire  probe,  (3)  utilize  a  smoke  wire  and  (4)  perform  flow 
visualization  experiments. 

1.  Mass  Flow  Rate  and  Mean  Velocity 
a.  Measurement 

Mass  flow  rate  through  the  channel  is  determined 
from  measuring  the  pressure  difference  across  a  1.5  inch 
orifice  plate.  The  computer  program  "DEAN15"  is  used  tc 
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Figs.  15-17  show  plots  of  mass  flow  rate, 
velocity  and  Reynolds  number  versus  orifice  pressure  drop, 

delta  P,  for  delta  P  less  than  2. 25  inches  of  water.  Figs. 
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data  from  these  three  sets  of  test  agree,  which  validates  the 


experimental  procedures  employed. 

2.  Instantaneous  Velocity  Traces 

a.  Hot-Wire  Probe 

A  DAHTEC  Electronics  Inc.  55  P51  probe  is 

employed.  Sensor  diameter  is  5. 0  pm  and  sensor  length  is 
about  2. 0  mm.  For  measurements,  the  probe  is  placed 

approximately  3, 791  m  from  the  beginning  of  the  test  section 
<x/d  =  298.5,  where  >:  is  measured  from  the  nozzle  exit).  At 

this  streamwise  location,  the  probe  is  8. 255  cm  from  the  left 
inside  wall  of  the  channel  (looking  downstream),  as  ehown  in 
Figs.  24  and  25. 

b.  Hot-Wire  Probe  Operation  and  Calibration 

A  DISA  55  M10  constant  temperature  bridge  is  used 
to  operate  the  hot-wire.  The  connecting  cable  resistance  is 
compensated  using  the  zero  ohms  adjustment,  on  the  bridge  when 


the  prcbe 

is 

conne 

cted  tc  a 

shorting 

plug. 

The  probe  cold 

resistance 

is 

then 

measured 

on  the 

decade 

counter.  For 

operation, 

th 

e  hot 

resistance 

is  then 

set  using  an  overheat 

ratio  of  1 . B. 

A  DANTEC  Model  56  N20  signal  conditioner  is  used 
to  DC  couple,  amplify,  and  lov-pasE  filter  bridge  voltage 
outputs.  During  measurements,  the  low-pass  filter  is  set  to 
10  kHz,  the  high-pass  filter  is  set  to  DC,  and  the  gain  is 
set  to  1.  A  photograph  of  the  bridge  and  signal  conditioner 


1C 


along  vith  the  vane  motor  drive  and  controller  is  shown  in 
Fig.  2£. 

The  hot-wire  is  calibrated  in  the  channel. 
Voltages  from  the  hot-wire  bridge  are  measured  using  a  8050A 
digital  multimeter  connected  to  the  signal  conditioner. 
These  voltages  and  corresponding  velocities  are  recorded  as 
the  flow  velocity  is  varied,  and  then  entered  into  the 
computer  program  "HWCAL"  to  obtain  calibration  coefficients. 
These  coefficients  are  subsequently  entered  into  the  computer 
program  "Q_SC0PE1"  which  determines  instantaneous  velocity 
variations  and  plots  the  results. 

c.  Instantaneous  Velocity  Measurement 

The  output  from  the  signal  conditioner  is  sent  to 
a  HP  €944  mult iprogrammer /high  speed  data  acquisition  system. 
Data  is  collected  by  the  high  speed  acquisition  system  using 
the-  HP  9999  Series  computer  and  the  computer  program 
"HOTWIRE!".  The-  same  signal  from  the  signal  conditioner  is 
also  fed  into  a  EK  Precision  Oscilloscope.  The-  high  speed 
acquisition  system  is  shown  in  Fig.  O'7. 

3.  Smoke  Wire  System 

A  smoke  wire  is  used  to  visualise  flow  patterns  in 
the  straight  channel.  The  wire  was  located  at  y/d  values  of 
9.99,  *9.84  and  -0.84,  Etretched  across  the  channel  in  the 
transverse  direction,  where  y  is  measured  from  the  center  of 
the  channel  height.  The  wire  was  located  just  upstream  of 
the  previous  position  cf  the  hot  wire  probe  2.  499  m  from:  the 


exit  of  the  nozzle  (x/d  =  275.5).  This  was  chosen  to  obtain 
flow  visualization  results  for  x/d  from  295.0  to  309.3  and 
r/d  from  -17.24  to  <-1.65.  Here,  z  is  measured  from  the 
center  plane  of  the  channel  span  (right  is  positive  looking 
downstream),  to  give  the  same  approximate  streamwise  location 
as  the  hot-wire  probe  surveys. 

For  the  flow  visualization,  the  nichrome  wire  (smoke 
wire)  is  coated  with  paraffin  based  oil.  The  smoke-wire  is 
connected  to  an  A/C-D/C  voltage  adapter,  which,  when 
energized,  sends  current  through  the  wire  to  produce  a  sheet 
of  smoke  which  is  converted  downstream  in  the  channel. 
Voltage  ic  applied  to  the  wire  by  means  of  a  Calrad  45-740 
<0-130  VAC)  varia^  re*  at  55  VAC.  Energizing  the  wire  ie 
accomplished  by  pulsing  the  "Momentary  On"  switch  of  the  A/C- 
0  'C  "oitage  adapter.  The  smoke  wire  equipment  used  ir.  this 
-study  is  shown  in  the  photograph  of  Fig.  20. 

The  wire  penetrates  the  side  wall  of  the  channel 
through  a  1 .  O'7  cm  diameter  hole,  located  76.8  cm  upstream 
frr<  the  er.d  of  the  straight  test  section.  Using  this  hole, 
the  wire  can  be  moved  to  y/d  locations  from  <-0.  84  to  -O.  84, 
where  y  is  measured  from  the  center  of  the  channel.  Air 
leakage  is  prevented  by  using  modeling  clay  or  a  small  cork 
to  fill  in  the  holes  around  the  wire. 

4.  Flow  Visualization 

The  video  camera  used  for  flow  visualization  in  the 
straight  channel  is  the  same  one  used  for  flow  visualization 

i  o 


in  the  curved  channel.  The  camera  is  positioned  about  80  cm 
above  the  straight  channel  on  a  tripod.  The  lens  macro 
setting  was  not  used.  The  lens  was  focused  on  the  straight 
channel  in  the  area  where  the  hot-wire  probe  had  been 
previously  placed  (the  hot-wire  probe  ie  not  introduced  into 
the  channel  during  flow  visualization).  The  same  video 
system  gain  and  filter  settings  as  the  curved  channel  videos 
are  used  for  the  straight  channel  work.  Maxell  KCS20BQ 
videocassette  tape  is  used  for  the  flow  visualization  videos. 

Lighting  ie  provided  by  two  Berkey  ColorTran 
Multibea*'  "£50"  Model  LOF-G  C50W  lights  placed  approximately 
1.9i£  r  on  either  side  of  the  channel  and  at  the  same  height 
as  t h ■*  channel.  The  bottom  of  the  channel  ie  lined  with 
black  paper  tc  provide  a  contrasting  background  for  the  white' 
s  generated  frc-n  the  smoke  wire.  To  obtain  the  best 
p ocelli  -•  videos,  stray  light  is  blocked  off  as  much  as 
possible  from  the  camera's  field  of  view.  Figs.  29 ( a )  and 
29 '  b  '  sh  -  w  schematic;  cf  th<-  Iccatior.  cf  the  camera  and 
lighting  for  the  straight  channel. 

The  photographic  procedures  used  to  obtain  the  still 
photogr aphe  are  the  same  aE  used  for  the  curved  channel  work. 
The  Nikm  F-2  SLR  camera  was  positioned  approximately  65.1  cm 
from  the  TV  screen.  Kodak  Tri-X  pan,  400  ASA  film  was  used 
with  optimal  camera  f-step  and  speed  settings  of  f4  and  1/4 


second,  respect i vel y . 


IV 


EXPERIMENTAL  RESULTS 


A.  FLOW  VISUALIZATION  IN  A  CURVED  CHANNEL 

Flow  visualisation  results  for  the  40  to  1  aspect  ratio 
curved  channel  are  now  presented.  In  each  sequence  of 

photographs  in  Figs.  30  through  45,  time  increases  from  top 
to  bottom.  Each  separate  photograph  in  the  sequence  shows 
the  convex  surface  of  the  channel  at  the  top  and  the  concave 
surface  at  the  bottom.  The  spanwise  extent  of  each 

photograph  is  approximately  4£  mm.  and  the  vertical  extent  of 
each  photograph  is  13.  n  mm.  The  sequences  show  the  flow  as 
it  is  moving  away  from  the  observer. 

Photographic  results  for  a  Dean  number  of  75  at  angular 
positions  of  95°  and  95°  fro"  the  start  of  curvature  are 
shown  i  ■  Figs.  39  and  91,  respectfully.  The  time  interval 
h  *->tween  photographs  in  each  of  these  sequences  is  1/19 
These  results  are  discussed  further  by  Hughes  [Ref. 

*/*>■» 

Flow  characteristics  at  a  Dean  number  of  75  and  135° 
from  the  start  of  curvature  are  studied  because  a  variety  of 
Dean  vortex  pair  phenomena  are  observed.  These  include 

fairly  steady  Dean  vortex  pairs  (over  small  time  intervals), 
as  wc-11  as  pairs  with  considerable  spatial  unsteadiness 
resulting  fro:  vortex  pair  appearance  and  vortex  pair 

d  i  s  a  p  p  e  a  r  a  r.  c  •*  . 


~>r\ 


One  mode  of  vortex  pair  disappearance  is  due  to  vortex 


cancellation.  This  occurs  when  a  positive  vortex  and  a 
negative  vortex  merge  together,  and  then  disappear.  Except 
for  vortex  cancellation,  a  positive  vortex  doee  not  generally 
merge  with  a  negative  vortex.  Instead  vortices  of  like  sign 
generally  merge  together.  In  the  flow  visualization 
sequences,  this  is  seen  when  a  large  vortex  pair  engulfe  a 
smaller  vortex  pair  such  that  one  "petal"  of  the  larger 
vertex,  pal:  surrounds  the  smaller  pair.  The  smaller  pair  is 
then  engulfed  such  that  vortices  of  like  sign  merge 
*ogpthrr.  Another  alternative  has  also  beer,  observed  wherein 


smaller  vertex  pairs  are  engulfed  into  the  stem  cf  a  larger 

•.x.  rtex  pci:. 

F  i  g  o  :  c  _  33  through  41  show  photo  sequencer  fer  a  Dear, 
number  cf  r7cr  and  a;,  angular  position  1350,  from  the  start  of 
curvature.  These  figures  are  now  discussed  in  detail.  The 


between  photographs 


each 


Fig.  3?  shows  steady  Dean  vortex  pairs  with  very  little 
variation  over  the  total  time  period.  Fig.  33  shows  the 
growth  cf  a  vortex  pair  forming  from  the  concave  wall  which 
then  merges  with  a  vortex  pair  to  its  left.  Fig.  34  shows  s 
vortex,  pair  which  is  becoming  smaller  and  is  the-n  engulfed 
lr.tr.  the  stem  cf  a  larger  vortex  pair.  Fig.  3?  shows  the 
growth  of  a  vortex  pair  which  then  engulfs  an  adjacent  vortex 
pair.  Fig.  3r  r.  1  c  •'  chowr  a  smaller  vortex  pair  engulfed  by  r 


portion  of  a  larger  pair.  Also  evident  ie  the  development  of 
a  new  pair  on  the  right-hand  sides  of  the  photographs.  Fig. 
37  shows  a  smaller  vortex  pair  being  engulfed  by  the  "petal* 
of  a  larger  vortex  pair. 

Fig.  38  initially  shows  a  small  vortex  pair  in  the  center 
which  gets  smaller  and  then  starts  to  tilt  to  the  left  until 
the  stem  ie  almost  horizontal.  A  "petal"  of  the  larger 
vortex  pair  to  the  left  then  surrounds  and  engulfs  the 

smaller  vortex  pair. 

Fig.  39  shows  complicated  phenomena  wherein  a  vortex  pair 

cr  some  similar  symmetric  structure  initially  appears  to 
split.  The-  resulting  pair  on  the  left  is  then  surrounded  and 
engulfed  by  the  "petal"  of  a  larger  vortex  pair.  The 
resulting  pair  on  the  right  appears  to  grow  into  a  stronger 
vortex  pair  which  then  engulfs  a  weaker  vortex  psi:  tc  its 
r  igh*  . 

Fig.  49  shows  a  smaller  vortex  pair  being  engulfed  into 
the  rt?"  of  a  larger  vortex  pair.  Fig.  41  shows  a  vortex 
pair  merging  into  the  wall. 

Photographic  results  for  Dean  number  100  at  angular 
positions  of  95^,  105°,  145°  and  155°  are  shown  in  Figs.  42 
through  45,  respectfully.  The  time  interval  in  Figs.  42  and 
42  is  1/10  second.  For  Figs.  44  and  45,  the  time  interval  is 
1/29  second.  These  reeults  are  discussed  further  by  Hughes 
CRef.  101. 


B.  STRAIGHT  CHANNEL 


Exper  iment  al  results  for  the  straight  channel  are 
presented  in  two  parts:  (1)  Instantaneous  Velocity  Traces  and 
Unsteady  Flow  Device  Qualification  and  (2)  Flow 
Visualization. 

1.  Instantaneous  Velocity  Traces  and  Unsteady 

Flow  Device  Qualification 

Instantaneous  velocity  data  are  presented  for 
velocities  from  3  m/s  to  10  m/e  and  vane  speeds  from  0  to  1.5 
revolutions  per  second  (rps).  Data  are  also  provided  for  a 
vane  speed  of  1.0  rps  for  velocities  from  1.7  m./s  to  4.2  m/s. 
Table-  T  and  IT  list  channel  mean  velocity  (U>,  vane  rotation 
frequency,  Reynolds  number  (Re'  and  Ftrouhal  number  (Ftr)  for 

p  o  r*  v*  tj  f 

In  Table  I,  the  first  two  numbers  of  the  "Run  Number" 
give  ih'-  approximate  flow  velocity  (in  m/s'  and  the  last  two 
numbers  give  the  vane  rotation  frequency  (in  rps,  multiplied 
by  10'.  The  "T"  value  in  the  flow  velocity  position  of  the 
rur.  r.JT.be/  is  for  the  approximate  transition  point  from 
lar.inar  flew  to  turbulent  flow  with  no  imposed  unsteadiness. 

In  Table  II,  the  "VI"  of  the  Run  Number  column 
indicates  a  vane  speed  of  1.0  rps.  The  last  two  numbers  are 
used  to.  designate  separate  data  runs,  but  also  give  the 
approximate  delta  P  (divided  by  2)  across  the  1.5  inch 
orifice  plate. 


TABLE  I.  EXPERIMENTAL  CONDITIONS  FOR 

INSTANTANEOUS  VELOCITY  TRACES 


Run  4 

Velocity 

<m/s) 

Vane  Rotation 
Free  (ros) 

Reynolds  No. 
(Re) 

Strouhal  No. 
(Str) 

Co— ents 

RUN 10  00 

10.026 

0.0 

flAAA 

04  TT 

No  Unsteadiness 

Turbulent 

RUMO‘05 

10.026 

0.5 

6444 

0.0040 

Turbulent 

RUN 10” 10 

10.026 

1.0 

B444 

0.0080 

Turbulent 

R(JN10”15 

10.026 

1.5 

8444 

0.0119 

Turbulent 

RUN09  00 

8.9776 

0.0 

7578 

No  Unsteadiness 

Turbulent 

RUN0905 

8,9776 

0.5 

7578 

0.0044 

Turbulent 

RUNOS'10 

8.9776 

1.0 

7578 

0.0089 

Turbulent 

RUN09J5 

8.9776 

1.5 

7578 

0.0133 

Turbulent 

RUN06  00 

7.9898 

0.0 

6729 

No  Unsteadiness 

Turbulent 

RUN08~05 

7.9898 

0.5 

6729 

0.0050 

Turbulent 

RUNOfl'10 

7.9898 

1.0 

6729 

0.0100 

Turbulent 

RUN0SJ5 

7.9896 

1.5 

6729 

0.0150 

Turbulent 

RUN07  00 

7.0568 

0.0 

5943 

No  Unsteadiness 

Turbulent 

RUN07  05 

7.0562 

0.5 

5943 

0.0057 

Turbulent 

RUN07'10 

7. 0566 

1.0 

5943 

0.0113 

Turbulent 

RUN07J5 

7.0562 

1.5 

5943 

0.0170 

Turbulent 

RUN06  00 

5.8827 

0.0 

4954 

No  Unsteadiness 

Turbulent 

RUN06  05 

5.8827 

0.5 

4954 

0.0068 

Turbulent 

RUN06"l0 

5.8827 

1.0 

4954 

0.0136 

Turbulent 

RUN06J5 

5.8827 

1.5 

4954 

0.0203 

Turbulent 

RUN05  00 

4.9093 

0.0 

4134 

No  Unsteadiness 

Turbulent 

RUNG5"05 

4.9032 

0.5 

4134 

0.0061 

Turbulent 

RUN05‘10 

4.9093 

1.0 

4134 

0.0163 

Turbulent 

RUN05”15 

4.9093 

1.5 

4134 

0.0244 

Turbulent 

RUN04  00 

3.9694 

0.0 

3343 

No  Unsteadiness 

Turbulent 

RUNOA‘05 

3.9634 

0.5 

3343 

0.0101 

Turbulent 

RUNOA'IO 

3.9694 

1.0 

3343 

0.0201 

Turbulent 

RUN04J5 

3.9694 

1.5 

3343 

0.0302 

Turbulent 

RUNT  00 

3.27 

0.0 

2754 

No  Unsteadiness 

L—inar 

RUNT'05 

3.27 

0.5 

2754 

0.0122 

Intermittent 

RUNT‘10 

3.27 

1.0 

2754 

0.0244 

Turbulent 

RUNTjS 

3.27 

1.5 

2754 

0.0366 

Turbulent 

RUN03  00 

3.05 

0.0 

2569 

No  Unsteadiness 

Laminar 

RUN03‘05 

3.05 

0.5 

2569 

0.0131 

Laminar 

RUN03*10 

3.05 

1.0 

2569 

0.0262 

Intermittent 

RUN03~15 

3.05 

1.5 

2569 

0.0393 

Turbulent 

24 


TABLE  II 


EXPERIMENTAL  CONDITIONS  FOR 
INSTANTANEOUS  VELOCITY  TRACES 


Run  f 

Velocity 

(*'<=> 

Vane  Rotation 
Free 

Reynolds  No. 
(Re! 

Strouhal  No. 
(Str) 

Cements 

RUNV1.13 

4.2 

1.0 

3537 

0.0190 

Turbulent 

RUNV1J2 

4.1 

1.0 

3453 

0.0195 

Turbulent 

RUNV1_1 1 

3.9 

1.0 

3284 

0.0205 

Turbulent 

RUNV1J0 

3.75 

1.0 

3156 

0.0213 

Turbulent 

RUNV1_09 

3.55 

1.0 

2990 

0.0225 

Turbulent 

RUNV1_08 

3.4 

1.0 

2863 

0.0235 

Turbulent 

RIHV1_07 

3.1 

1.0 

2611 

0.0257 

Turbulent 

RUNV1_06 

2.9 

1.0 

2442 

0.0275 

Turbulent 

RUNV1.05 

2.7 

1.0 

2274 

0.02% 

Intermittent 

RUNV1_04 

2.45 

1.0 

2063 

0.0326 

Laminar 

RUNV1_03 

2.0 

1.0 

1684 

0.0399 

Laeinar 

RUN1;:  02 

1.7 

1.0 

1432 

0.0469 

Laeinar 

ReynoldsNumber  = 


v 


StrouhalNumber  = 


c ods 

IT 


7nnds 

U 


2 


Figs.  46  through  55  show  graphs  of  instantaneous 
velocity.  The  same  coding  system  used  in  Tables  I  and  II  for 
the  "Run  Number"  is  also  used  here.  The  time  for  each  graph 
begins  10  seconds  after  the  start  of  data  collection  and 
continues  for  2. 5  seconds. 

Figs.  46  through  52  all  show  turbulent  behavior  for 
vane  speeds  of  0.0,  0.5,  1.0  and  1.5  rps.  In  Fig.  53<a),  at 
a  vane  speed  of  0.0  rps,  the  flow  is  laminar  with  some 
intermittency .  Fig.  53(b)  (0.5  rps)  shows  significant 
intermittent  unsteadiness  and  turbulence  which  is  occurring 
during  the  decelerating  portion  of  each  phase  of  the  imposed 
oscillation.  Figs.  52(c)  and  53(d)  (vane  speeds  of  1.0  and 
1.5  rps,  respectively)  again  show  turbulent  behavior. 

Fig.  54(a)  (0.0  rps)  shows  laminar  behavior.  I r.  Fig. 
c4'h)  (0.5  rps',  a  slight  sinusoidal  oscillation  is  evider.t 
w  1 1  h  sore  small  turbulence  fluctuations.  In  Fig.  54 ' c '  (1.0 
rps',  the  flow  shows  significant  intermittent  unsteadiness 
and  turbulence  which  eeemc  tc  be  occurring  during  a 
particular  portion  of  the  phase  of  the  imposed  oscillation. 
Fig.  54(d)  (1.5  rps)  shows  turbulent  behavior. 

Fig.  55  shows  data  for  a  vane  speed  of  1.0  rps  and 
different  flow  velocities.  Turbulent  behavior  is  shown  in 
Figs.  55(a)  through  55(h).  Fig.  55(1)  shows  intermittent 
unsteadiness  and  turbulence  which  occurs  during  the 
decelerating  portion  of  each  imposed  oscillation.  Figs. 
55 '  +  '  through 


55'!'  show  sinusoidal  flow  oscillations  with  a 


very  small  amount  of  turbulence.  The  amplitudes  of  these 
turbulent  fluctuations  increase  with  vane  speed. 

2.  Flow  Visualization 

Flow  visualization  results  for  the  40  to  1  aspect 
ratio  straight  channel  are  now  discussed.  In  each  photograph 


sequence  shown 

in  F igs 

56 

through 

63, 

time 

increases 

from 

top  to  bottom. 

In 

c  ases 

where 

there 

are 

two  sets  of 

sequences  to 

a  page. 

the 

time 

begins 

at 

the  top 

left 

photograph  and 

ends  a 4 

t  hr 

lower 

right 

photograph. 

The 

spanwise  extent  of  each  photograph  is  approximately  240  mm 

■-nd  b  hr  longitudi.no’  extent  cf  each  phctoc;  ar  h  is 
approximately  1 9 ! . "  rm.  The  dark  line  at  the  bottom  left  of 
on-!  photograph  i  r.dicaten  the  location  of  the  het-virr  probe 
'•-red  f  “r  instant  r.r.eour  velocity  trace  measurement  o .  The 
preb-e  vac  nr.*  i  r.  the-  flow  as  visualization  sequences  wore 
fil-ed.  Flow  is  moving  from  the  bottom,  of  each  photograph  to 
the  top.  The  4  i  m .  interval  between  photographs  in  ear!: 
rr^".or, ''f  ^  —  i  /  o o  r-  ~  ^ ^  ^ 


r  1  •:  v  v  i  i  r  a  t  i  o  r  results  chov  a  vox.  led-  of 

transition  phenomena  including:  <i)  three-dimensional 

Tc  1  lmien -Schlich4  i  r-.g  waves,  <2'  Lambda  waves,  <3>  Lambda 
vortices,  (4'  vortex  type  motion,  <5>  turbulent  spots  and  (£' 
fully  4  u r  b  u 1 e n 4  flow. 

Tail-  TTT  list  channel  mean  velocity,  vane  rotation 


frequency,  Reynolds  number,  Strouhal  number  and 
sequence  of  pho togr  ap  hr  in  Figs.  5€  through  £3. 


y  /  d  f  c.  r 


e  a  o  h 


TABLE  III.  FLOW  VISUALIZATION 

EXPERIMENTAL  CONDITIONS 


Fioure  t 

Velocity 

(«/s> 

Vane  flotation 
Free  (ros) 

Reynolds  No. 
(Re) 

Strouhal  No. 
(Str) 

v/d 

56 

2.8 

1.0 

3537 

0.0190 

♦0.84 

57 

3.0 

1.0 

3453 

0.0195. 

0.00 

58 

3.1 

1.0 

3264 

0.0205 

♦0.84 

59 

3.2 

1.0 

3156 

0.0213 

40.84 

60 

2.6 

1.5 

2990 

0.0225 

0.00 

61 

2.7 

1.5 

2863 

0.0235 

40.6 

62 

2.6 

1.5 

2611 

0.0257 

40.84 

63 

2.9 

1.5 

2442 

0.0275 

40.84 

Figs. 

56  through  59  are  photographic  sequences 

for  a 

vane  rotation 

frequency  of  1. 

0  r ps. 

Fig.  56 

is  for 

a  flow 

velocity  of 

2. 8  m/s  at  a 

y/d  of 

+ 

o 

CD 

Wavy 

three- 

dimensional  Tollmien-Schlichting  waves  are  evident.  Fig.  57 
is  for  a  flow  velocity  of  3. 0  m/s  at  the  center  of  the 
channel.  Here  two  Lambda  vortices  are  seen  to  convect 
downstream.  A  turbulent/laminar  vave  front  is  shown  in  Fig. 
58  for  a  flow  velocity  of  3.1  m/s  and  a  y/d  of  *0.84.  Fig. 
59,  for  a  flow  velocity  of  3.2  m/s  at  a  y/d  of  *0.84  shows 
turbulent  flow  with  a  wavy  structure  convecting  downstream. 

Figs.  80  through  63  are  photographic  sequences  for  a 
vane  rotation  frequency  of  1.5  rps.  Fig.  60,  for  a  flow 
velocity  of  2. 6  m/s  at  the  center  height  of  the  channel, 
shows  Lambda  waves  and  Lambda  vortices  convecting  downstream. 
Fig.  £1  is  for  a  flow  velocity  of  2.7  m/s  and  a  y/d  of  *0.84. 
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Here,  wavy  laminar  motion  is  observed.  Three-dimensional 
Tollmien-Schlichting  waves  are  evident  in  Fig.  £2  for  a  flow 
velocity  of  2. 8  m/s  at  a  y/d  of  +  0. 84.  Fig.  £3,  for  a  flow 
velocity  of  2.9  m/s  and  a  y/d  of  ■*■0.84,  shows  turbulent  flow 
including  a  number  of  a  turbulent  spots. 


V.  CONCLUSIONS 


A.  CURVED  CHANNEL 

In  the  curved  channel,  video  movies  and  photographic 
sequences  of  smoke  patterns  in  span* ise/radial  planes  show 
uneteady  Dean  vortex  pair  behavior.  In  particular, 
information  is  provided  on  mechanisms  by  which  vortex  pairs 

appear  and  disappear. 

B.  STRAIGHT  CHANNEL 

For  the  range-  of  imposed  unsteadiness  that  was  studied  ir. 
the  straight  channel,  instantaneous  velocity  traces  show  that 
transition  occurs.  at  a  Reynolds  number  of  approximately  3000 
without  unsteadiness .  With  imposed  sinusoidal  unsteadiness 
r.t  _  Sir  cube.  1  r.ui  L  •. :  c  f  0.030  and  7  V.  peak  to  peak  amplitude 
'relative  tc  th-  mear  velocity),  transition  occurs  at  a 
Reynolds  number  of  approximately  2300. 

Flow  visualization  results  in  the  straight  channel  show 
different  stages  of  transition,  including!  (1'  three- 
dimensional  Tollrrien-Schlichting  waves,  (2)  Lambda  waves,  <3> 
Lambda  vorticies,  <4)  vortex  type  motion,  (5)  turbulent  spots 
and  (£>  fully  turbulent  flow. 


SCREENS 


APPENDIX  A 


FIGURES 


Figure  1.  Schematic  of  Curved  Channel  Test  Facility 
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Fig  ure  14.  Schematic  of  Still 
Photography  Set-up 
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Fig  ure  15.  Mass  Flow  Rate  ve.  Orifice  delta  P 

(for  delta  P  <  2.25  inches  of  water) 
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VELOCITY 
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Figure  1£.  Velocity  vb.  Orifice  delta  P 

(for  delta  P  <  2.25  inches  of  water ) 


4G 


REYNOLDS  NUMBER 


Figure  17.  Reynolds  Humber  vs.  Orifice  delta  P 
(for  delta  P  <  2.25  inches  of  water) 
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MASS  FLOW 
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ORIFICE  DELTA  P  (Inches  of  water) 


Figure  18.  Hass  Flow  Rate  vs.  Orifice  delta  P 

(for  delta  P  >  2.20  inches  of  water) 


48 


VELOCITY 


y  =  2.0822  +  0.950S7x  -  4.4430e-2xA2  +  1 ,0346e-3xA3  RA2  -  1 .000 
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Figure  19.  Velocity  vs.  Orifice  delta  P 

(for  delta  P  >  2.25  inches  of  vater ) 
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REYNOLDS  NUMBER 
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Figure  20.  Reynolds  Humber  vs.  Orifice  delta  P 
(for  delta  P  >  2. 2S  inches  of  water) 


oro  60  0  00  0  10  0  90'0  SO'O  too  COO  20  0  TOO  000 


(D3S/0>I)  '3IVH  M 013  SSVW 


Figure  21.  Hbsb  Flow  Rate  ve. 

Plenum  delta  P 
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VELOCITY 


Figure  22.  Velocity  vs. 

Plenum  delta  P 
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Figure  29.  Video  Camera  and  Light  Source  Set-up 

for  Straight  Channel  Flow  Visualization 
(a)  Top  View  <b>  Side  View 
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Figure  46.  Instantaneous  Velocity  Traces  (Re=8444) 
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Figure  47 


Instantaneous  Velocity  Traces  <Re=7578> 
<a)  No  Unsteadiness  (b)  Str=0. 0044 
<c)  Str  =0. 0089  (c)  Str  =  0. 0133 
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Figure  40.  Instantaneous  Velocity  Traces  <Re=6729) 
(a)  No  Unsteadiness  (b)  Str=0. 0050 
(c)  Str  =  0. 01 00  <c>  Str *0. 0150 
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Figure  49 
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Figure  52 
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Figure  55.  Instantaneous  Velocity  Traces 
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Figure  55 


APPENDIX  B 


SOFTWARE  DIRECTORY 

This  Appendix  gives  a  listing  of  the  various  programs 
used  in  this  thesis.  Each  program  listing  contains  a  summary 
of  how  the  program  is  used,  user  inputs,  program  outputs  and 
additional  features,  if  any. 

I.  CURVED  CHANNEL 

A.  DEAN15 

Program  to  sample  orifice  pressure  drop  and  calculate 
Dean  number. 

user  input:  a)  ambient  pressure  in  inches  of  water. 

fcJ  ambient  temperature  (or  temperature 

measured  by  a  transducer). 


program  output: 

a  ) 

mass  flow  rate. 

t ) 

orifice  pressure  dr 

c  ) 

Reynolds  number. 

d) 

Dean  number. 

additional  features:  allows  user  to  adjust  throttle  valve 

(flow  rate)  and  then  recalculates  the 


Dean  number. 


II.  STRAIGHT  CHANHEL 


A.  DEAN15  (or  DEAN10 ) 

Same  program  used  for  the  curved  channel  but  here  it  is 
used  to  sample  orifice  pressure  drop  and  calculate  mass  flow 
rate,  velocity,  and  Reynolds  number  (DEAN15  used  for  1.5  inch 
orifice  plate,  DEAN10  used  for  1.0  inch  orifice  plate), 
user  inputs  a)  ambient  pressure  in  inches  of  water. 

b)  ambient  temperature  (or  temperature  measured 
by  a  transducer). 

program  outputs  a'  mass  flow  rate. 

b'  velocity, 
c)  Reynolds  number. 

B.  HOTWIRE 1 s 

Program  to  sample  hct-vire  voltage  signals  using  a 
H  P  £  9  4  4  A  high  speed  data  acquisition  system, 
user  inputs  sampling  frequency. 


program  outputs  data  file  of  instantaneous  voltage  values. 


C.  HWCAL : 

Program  used  to  calculate  calibration  coefficients  for 
hot-wire  probes.  The  coefficients  are  used  in  the  plotting 
program  "0_SC0PE1". 

user  input:  a)  ambient  temperature  (°C). 

b>  ambient  pressure  ( millibars ) . 

c)  orifice  delta  P  in  inches  of  water. 

d)  measured  hot-wire  mean  voltage  with  no  flow. 

e!  hot-wire  mean  voltage  reading  from  a 
voltmeter  (with  flow). 

f)  number  of  points. 

program  output:  a)  EOC  (calibration  coef f icier.t  )  . 

b)  B  (calibration  coefficient). 

D.  0_SC0PE1 : 

Program  which  converts  hot-wire  instantaneous  voltages  to 
instantaneous  velocities  and  plots  velocity  vs.  time, 
user  input:  a)  values  of  EOC  and  E  (from  HWCAL). 

b)  time  to  begin  plotting  (point  number), 
o'  total  time  range  to  plot  (point  number 

determined  from  frequency  of  data 

acquisition ) . 

program  output:  velocity  vs.  time  plot. 
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